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Introduction {#sec001}
============

High population density (crowding) is a complex stress that impacts the morphology, behavior, life history and physiology of insects \[[@pone.0235912.ref001]--[@pone.0235912.ref003]\] and their population dynamics in the field \[[@pone.0235912.ref004]\]. To overcome the unfavorable effects of crowding, insects skillfully adopt one or more strategies. For example, insects may alter their phenotype or behavior to adapt to crowding or they may reallocate resources normally used for basic functions (e.g. development, reproduction, nutrient assimilation, and immunity) to cope with changes in population density \[[@pone.0235912.ref005]--[@pone.0235912.ref007]\]. Phase polyphenism is a phenotypic adaption to crowding that has been observed in Orthopterans, Lepidopterans, Hemipterans and Coleopterans \[[@pone.0235912.ref006], [@pone.0235912.ref008]--[@pone.0235912.ref010]\]. Solitary and gregarious phases have been observed in selected species when subjected to low and high population density, respectively. Gregarious individuals are typically characterized by darker or more melanized cuticles than that of solitary forms \[[@pone.0235912.ref011]\]. Furthermore, variations in morphology, behavior, life history and disease resistance have been reported in the two insect phases \[[@pone.0235912.ref001], [@pone.0235912.ref011]--[@pone.0235912.ref015]\].

Heat shock proteins (Hsps) are biosynthesized in response to a variety of stressors. As molecular chaperones, Hsps perform critical functions in protein folding, assembly, degradation, and intracellular localization under hospitable and inhospitable conditions \[[@pone.0235912.ref016]--[@pone.0235912.ref018]\]. Insect Hsps can be classified into four general families, e.g. Hsp90, Hsp70, Hsp60, or small Hsps (sHsps); these families are named according to protein size and structural characteristics \[[@pone.0235912.ref019]\]. sHsp family members exhibit high diversity due to variability in function, structure, and size (12--43 kDa) \[[@pone.0235912.ref020], [@pone.0235912.ref021]\]. sHsps usually prevent protein aggregation and facilitate the correct refolding of denatured proteins under diverse stressful conditions, such as heat, cold, oxidation, drought, UV radiation, hypertonic stress and chemical exposure \[[@pone.0235912.ref019]\]. Apart from the stress response, some sHsps also function in insect metamorphosis and development \[[@pone.0235912.ref022]--[@pone.0235912.ref025]\], longevity \[[@pone.0235912.ref026]\] and diapause \[[@pone.0235912.ref027]--[@pone.0235912.ref030]\]. Recently, some studies have reported that sHsps are also involved in immune responses when insects are colonized by infectious microorganisms \[[@pone.0235912.ref027], [@pone.0235912.ref031]\]. However, studies on sHsps have largely focused on model insects and sHsp roles in response to abiotic stress, including extreme temperature, UV irradiation, oxidation, chemicals expsoure, etc. Little is known about sHsp functions in response to biotic stressors such as variations in population density.

*Mythimna separata* (Walker), which is commonly known as the oriental armyworm, is a formidable pest in Asia. *M*. *separata* exhibits polyphenism with solitary and gregarious phases occurring at low and high density, respectively \[[@pone.0235912.ref032]\], which provides an ideal model to investigate if population density functions as a stressor that impacts organismal physiology \[[@pone.0235912.ref033]\]. Although the up-regulation of *Hsc70* has been observed in gregarious *M*. *separata* larvae \[[@pone.0235912.ref034]\], it is not clear how other Hsps respond to alterations in population density. In this report, we investigate whether the sHsp genes, *MsHsp19*.*7*, *MsHsp19*.*8* and *MsHsp21*.*4*, are up-regulated by alterations in *M*. *separata* population density and if variability occurs among gregarious and solitary phases. Our findings provide some understanding of the ecological impact of *sHsp* expression in the evolution and adaptation of *M*. *separata*.

Materials and methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

The *M*. *separata* larvae were collected from corn stalks cultivated in Qianxi county, Guizhou province (27°01′39.72″N, 106°20′2.92″E), in 2015. In present study, there were no specific permits being required for the insect collection. No endangered or protected species were involved in the field studies. The ''List of Protected Animals in China" does not contain the *M*. *separata* which are common insect.

Insects {#sec004}
-------

Solitary and gregarious *M*. *separata* were raised at the Institute of Plant Protection, Guizhou Academic of Agricultural Sciences, China as described previously \[[@pone.0235912.ref032]\]. Briefly, gregarious cultures were raised in 1 L cylinders (40 neonates/container) and solitary individuals were reared in 300 mL cylinders (1 neonates/container) \[[@pone.0235912.ref032]\]. Insects were fed on corn leaves and maintained as described \[[@pone.0235912.ref032]\]. The two phases were raised for five or more generations prior to experiments.

Preparation of samples {#sec005}
----------------------

Developmental stages (e.g. eggs, 1^st^-6^th^ instar larvae, pupae, and adults) and tissues of 6^th^ instar larvae (heads, epidermis, foregut, midgut, hindgut and Malpighian tubules) were collected from solitary and gregarious insects as described \[[@pone.0235912.ref032]\], frozen in liquid nitrogen, and stored at -80°C until analysis.

The impact of crowding and isolation were evaluated by crowding solitary forms of *M*. *separata* and isolating gregarious *M*. *separata*, respectively. Sixth instar larvae of solitary *M*. *separata* were subjected to crowding by grouping 40 individuals in a 1 L cylinder; conditions for isolation involved separating 6^th^ instar larvae of gregarious *M*. *separata* and placing them in individual 300 mL plastic cylinders \[[@pone.0235912.ref032]\]. Following treatment, the samples were collected and profiles were examined for expression of the three *sHsp* genes. Treatments consisted of three larvae and were replicated three times.

RNA isolation, cDNA synthesis and RT-PCR {#sec006}
----------------------------------------

The SV Total RN A isolation system was used to extract total RNA as recommended (Promega, WI, USA), and DNase I was used to remove residual genomic DNA. RNA quality was evaluated by electrophoresis and UV spectrophotometry as described \[[@pone.0235912.ref032]\]. The First Strand cDNA Synthesis Kit cDNA was used to generate cDNA from 1 μg total RNA as recommended (Fermentas, Canada), and cDNAs were stored at -20°C until needed.

Degenerate primers were designed according to the conserved α-crystallin domains of sHsps genes from Noctuidae species, and used to amplify partial sequences of three *M*.*separata* sHsp genes by RT-PCR ([S1 Table](#pone.0235912.s001){ref-type="supplementary-material"}). The reaction conditions for PCR, extraction from agarose gels, cloning, and sequencing followed established protocols \[[@pone.0235912.ref032]\].

The obtained partial sequences of the three sHsp genes were utilized to design gene-specific primers. Total RNA (1 μg) was used in 5′- and 3′-RACE with the SMARTer^®^ RACE 5'/3' Kit as recommended (Takara Bio USA, Inc.) ([S1 Table](#pone.0235912.s001){ref-type="supplementary-material"}). RACE was conducted and PCR products were purified, cloned and sequenced as described previously \[[@pone.0235912.ref032]\]. The initial cDNA and 5′- and 3′-RACE products were assembled to obtain full-length cDNA.

Bioinformatic analysis {#sec007}
----------------------

The open reading frames (ORFs) were detected with ORF Finder (<https://www.ncbi.nlm.nih.gov/orffinder/>), and sequences were aligned with ClustalW (<https://embnet.vital-it.ch/software/BOX_form.html>). The predicted mass and isoelectric point for each sHsp were calculated with Compute pI/Mw (<https://web.expasy.org/compute_pi/>). Conserved motifs were annotated using the NCBI Conserved Domain Database (<http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi>). Phylogenetic trees were constructed by MEGA v. 7 ([https://www.megasoftware.net](https://www.megasoftware.net/)) using themaximum likelihood method with 2000 bootstrap replicates.

Quantitative Real-Time PCR (qRT-PCR) {#sec008}
------------------------------------

qRT-PCR was executed using a BioRad CFX96 system (Hercules, CA, USA) in a 20 μL reaction volume containing SsoAdvanced Universal SYBR Green Supermix (10 μL, Bio-Rad), gene-specific primers (1 μL each, [S1 Table](#pone.0235912.s001){ref-type="supplementary-material"}), cDNA template (1 μL), and ddH~2~O (7 μL). PCR and melting curve analysis were conducted using established parameters \[[@pone.0235912.ref032]\]. *Actin* was used to normalize transcript abundance for developmental stage samples, and *Tubulin* was used to normalize expression for different tissues and population densities \[[@pone.0235912.ref035]\]. Every treatment contained four replications, and each replication contained triplicate samples.

Statistical analysis {#sec009}
--------------------

Data were expressed as means ± SE. The comparative Ct method was used to calculate relative expression levels and expressed as 2^−△△Ct^ \[[@pone.0235912.ref036]\]. Differences between solitary and gregarious phases were discovered using the Student's t-test, and results were considered significant at *P*\<0.05. Data Processing System (DPS) software was used to analyze the results \[[@pone.0235912.ref037]\].

Results {#sec010}
=======

Characterization of three sHsps genes {#sec011}
-------------------------------------

Three *sHsp* genes were obtained from *M*. *separata*,and named *MsHsp19*.*7*, *MsHsp19*.*8*, and *MsHsp21*.*4* based one their respective predicted molecular weight (GenBank accession number: MN503276, MN503277, and MN503278, respectively). *MsHsp19*.*7*, *MsHsp19*.*8*, and *MsHsp21*.*4* encoded 528, 534, and 564 bp ORFs with deduced translational products containing 175, 177 and 187 amino acids, respectively. The predicted sizes of MsHsp19.7, MsHsp19.8, and MsHsp21.4 were 19.7, 19.8 and 21.4 kDa with isoelectric points of 6.53, 6.08 and 5.79, respectively. Multiple sequence alignments revealed that the three MsHsps contained a conserved α-crystallin domain, which was composed of approximately 100 amino acids and six β-strands ([Fig 1](#pone.0235912.g001){ref-type="fig"}). Blast analysis showed that the deduced amino acids of three sHsps shared a reasonable degree of identity with their respective homologs from other Lepidoptera insects. For example, MsHsp19.7 had 90.86% identity with Hsp19.7 in *Helicoverpa armigera*, and MsHsp19.8 showed 84.57% identiy with Hsp20.6 in *Spodoptera litura*, while MsHsp21.4 shared 86.44% similarity with homolog in *Mamestra brassicae*.

![ClustalW alignment of MsHsp19.7, MsHsp19.8, and MsHsp21.4 from *M*. *separata*.\
The conserved α-crystallin domain is demarcated by a red rectangle. Six β-strands in the α-crystallin domain are indicated by black arrows.](pone.0235912.g001){#pone.0235912.g001}

Phylogenetic analysis of the three MsHsps {#sec012}
-----------------------------------------

Twenty two sHsps, including twenty from Lepidopteran species and two from *D*.*melanogaster*, were downloaded from NCBI and maximum likelihood method was used to generate a phylogenetic tree. As shown in [Fig 2](#pone.0235912.g002){ref-type="fig"}, MsHsp19.7 and MsHsp19.8 were assigned to a cluster, and separated from MsHsp21.4. Specifically, MsHsp19.7 grouped with HaHsp19.7(*Helicoverpa armigera*), MsHsp19.8 clustered with SlHsp20.6 (*Spodoptera litura*), and MsHsp 21.4 was closely related to HaHsp21.4. These results confirmed that the MsHsp proteins were members of the sHsp family.

![Phylogenetic analysis of sHsps.\
The maximum likelihood algorithm was used to generate a phylogenetic tree based on 22 sHsps, including 20 sHsps from Lepidopteran species and 2 sHsps from *Drosophila melanogaster*(outgroup) ([S2 Table](#pone.0235912.s002){ref-type="supplementary-material"}). Nodes were labeled with percent bootstrap values from 2000 re-sampling events, and values less than 50 were deleted.](pone.0235912.g002){#pone.0235912.g002}

Developmental expression profiles {#sec013}
---------------------------------

Transcription of the three *MsHsps* genes in various developmental stages of solitary and gregarious *M*. *separata* was investigated by qRT-PCR. *MsHsp19*.*7* expression was not significantly different in solitary and gregarious phases at the 2^nd^ larval and adult stages (2^nd^, *t* = 2.42, *P* = 0.072; A, *t* = 1.51, *P* = 0.206); however, significant differences were observed in the other developmental stages (E, *t* = 4.48, *P* = 0.011; 1^st^ instar, *t* = 4.40, *P* = 0t.012; 3^rd^, *t* = 3.24, *P* = 0.032; 4^th^, *t* = 4.68, *P* = 0.009; 5^th^, *t* = 3.62, *P* = 0.022; 6^th^, *t* = 68.113, *P* = 0.001; P: *t* = 2.86, *P* = 0.046) ([Fig 3A](#pone.0235912.g003){ref-type="fig"}). No differences were observed for *MsHsp19*.*8* expression in the 1^st^ and 3^rd^ instar larvae (1^st^, *t* = 1.23, *P* = 0.286; 3^rd^, *t* = 0.20, *P* = 0.849), but solitary and gregarious phases showed obvious differences in other stages (E, *t* = 9.15, *P* = 0.008; 2^nd^, *t* = 10.00, *P* = 0.010; 4^th^, *t* = 5.51, *P* = 0.005; 5^th^, *t* = 6.59, *P* = 0.003; P: *t* = 8.54, *P* = 0.001; A, *t* = 3.40, *P* = 0.02) ([Fig 3B](#pone.0235912.g003){ref-type="fig"}). Significant differences were observed for *MsHsp21*.*4* expression in the two phases at the 1^st^, 4^th^, 5^th^ and 6^th^ larval stages *(*1^st^, *t* = 3.91, *P* = 0.017; 4^th^, *t* = 3.64, *P* = 0.022; 5^th^, *t* = 5.64, *P* = 0.005; *t* = 4.49, *P* = 0.011) ([Fig 3C](#pone.0235912.g003){ref-type="fig"}). In general, the three *sHsp* genes were more highly expressed in gregarious 6^th^ instar larvae as compared to solitary 6^th^ instar larvae ([Fig 3A--3C](#pone.0235912.g003){ref-type="fig"}).

![Expression of *MsHsps* in solitary and gregarious *M*. *separata*.\
Panel (A) *MsHsp19*.*7*; (B), *MsHsp19*.*8*; and (C) *MsHsp21*.*4*. Abbreviations: E, eggs; 1^st^, 2^nd^, 3^rd^, 4^th^, 5^th^ and 6^th^, first through sixth instar larvae; P, pupae; and A, adults. Data points represent means (*n* = 3) and error bars denote standard deviation (SD). Significant differences (Student's *t*-test) between the two phases of *M*. *separata* are shown with asterisks (\*, *P*\<0.05; \*\*, *P*\<0.01).](pone.0235912.g003){#pone.0235912.g003}

Tissue-specific expression profiles {#sec014}
-----------------------------------

Tissue-specific expression was analyzed in gregarious and solitary forms of 6^th^ instar larvae ([Fig 4](#pone.0235912.g004){ref-type="fig"}). In HG tissues, the three *MsHsps* were expressed at 3.07--4.17-fold higher levels in gregarious larvae as compared to solitary individuals (*MsHsp19*.*7*: *t* = 5.51, *P* = 0.030; *Hsp19*.*8*: *t =* 8.60, *P* = 0.001; *Hsp21*.*4*: *t* = 4.70, *P* = 0.040). In contrast, the three *MsHsps* were expressed at 1.60--3.28-fold higher levels in the Malpighian tubules (MT) of solitary individuals as compared to gregarious larvae (*MsHsp19*.*7*: *t* = 3.16, *P* = 0.034; *MsHsp19*.*8*: *t = 11*.*09*, *P*\<0.001; *MsHsp21*.*4*: *t* = 2.80, *P* = 0.049). In heads (HD), *MsHsp19*.*7* and *MsHsp19*.*8* were more highly expressed in gregarious larvae than solitary ones, but *MsHsp21*.*4* expression was not significantly different (*MsHsp19*.*7*: *t* = 10.11, *P* = 0.009; *MsHsp19*.*8*: *t* = *12*.*37*, *P* = 0.006; *MsHsp21*.*4*: *t* = 0.19, *P* = 0.855). In epidermis (ED), *MsHsp21*.*4* expression was higher in gregarious individuals, whereas the other two *sHsps* expression are higher in solitary ones. (ED: *MsHsp19*.*7*: *t* = 4.10, *P* = 0.015; *MsHsp19*.*8*: *t = 2*.*88*, *P* = 0.045; *MsHsp21*.*4*: *t* = 12.42, *P*\<0.001). In MG (midgut) tissues, *MsHsp19*.*8 and MsHsp21*.*4* expression were significantly higher in gregarious larvae than solitary ones, but *MsHsp19*.*7* expression was not different between the two phases (*MsHsp19*.*7*: *t* = 0.24, *P* = 0.819; *MsHsp19*.*8*: *t = 5*.*23*, *P* = 0.034; *MsHsp21*.*4*: *t* = 7.06, *P* = 0.019). However, the three *MsHsps* showed variable expression in foregut (FG) tissues in the two phases(*MsHsp19*.*7*: *t* = 1.52, *P* = 0.202; *MsHsp19*.*8*: *t = 4*.*46*, *P* = 0.009; *MsHsp21*.*4*: *t* = 12.67, *P*\<0.001).

![Tissue-specific expression profiles of *MsHsp19*.*7* (A), *MsHsp19*.*8* (B) and *MsHsp21*.*4* (C) in 6^th^ instar larvae of solitary and gregarious *M*. *separata*. Abbreviations: HD, head; ED, epidermis; FG, foregut; MG, midgut; HG, hindgut; and MT, Malpighian tubules. Data points represent mean values (*n* = 4) with error bars showing SD. Asterisks indicate significant differences between the solitary and gregarious phases of *M*. *separata* at *P*\<0.05 (\*) and *P*\<0.01 (\*\*).](pone.0235912.g004){#pone.0235912.g004}

Isolation and crowding-induced expression profiles {#sec015}
--------------------------------------------------

Expression levels of the three *MsHsps* were significantly impacted by alterations in population density. Expression of *MsHsp19*.*7* and *MsHsp19*.*8* were upregulated when solitary *M*. *separata* larvae were subjected to crowding for 36 h; however, expression of *MsHsp21*.*4* was not significantly changed (*MsHsp19*.*7*: *t* = 3.71, *P* = 0.021; *MsHsp19*.*8*: *t = 3*.*36*, *P* = 0.032; *MsHsp21*.*4*: *t* = 1.06, *P* = 0.350) ([Fig 5A, 5C and 5E](#pone.0235912.g005){ref-type="fig"}). In contrast, expression levels of the three *MsHsps* were down-regulated in gregarious individuals subjected to isolation for 36 h (*MsHsp19*.*7*: *t* = 12.03, *P*\<0.001; *MsHsp19*.*8*: *t = 5*.*14*, *P* = 0.011; *MsHsp21*.*4*: *t* = 18.42, *P*\<0.001) ([Fig 5B, 5D and 5F](#pone.0235912.g005){ref-type="fig"}).

![Expression profiles of *MsHsp* genes in 6^th^ instar larvae subjected to crowding and isolation.\
Panels A, C and E show expression of *MsHsp19*.*7*, *MsHsp19*.*8* and *MsHsp21*.*4* in solitary *M*. *separata* larvae exposed to crowding, respectively. Panels B, D and F show *MsHsp19*.*7*, *MsHsp19*.*8* and *MsHsp21*.*4* expression levels in gregarious *M*. *separata* larvae subjected to isolation, respectively. Abbreviations: S, solitary; SC-36, solitary larvae exposed to crowding for 36 h; G, gregarious; and GI-36, gregarious larvae exposed to isolation for 36 h. Data points represent mean values (*n* = 4) with error bars denoting SD. Asterisks indicate significance at *P*≤0.01 based on the Student's *t*-test.](pone.0235912.g005){#pone.0235912.g005}

Discussion {#sec016}
==========

In this study, three genes encoding sHsps (*MsHsp19*.*7*, *MsHsp19*.*8 and MsHsp21*.*4*) were identified in *M*. *separata*. Nucleotide sequencing revealed that the three *MsHsps* encoded proteins with similarity to sHsps reported in Noctuidae species and contained the conserved α-crystalline domain that has been reported previously \[[@pone.0235912.ref021], [@pone.0235912.ref023], [@pone.0235912.ref024]\]. Phylogenetic analysis of sHsps indicated that MsHsp19.7 and MsHsp21.4 are related to respective orthologs in other Lepidopteran species. An exception was MsHsp19.8, which clustered with Hsp20.6 orthologs; in this context, our findings are analogous to those observed for *Chilo suppressalis* \[[@pone.0235912.ref024]\], *Choristoneura fumiferana* \[[@pone.0235912.ref030]\], *Spodoptera litura* \[[@pone.0235912.ref023]\], *Bombyx mori* \[[@pone.0235912.ref038]\] and *Grapholitha molesta* \[[@pone.0235912.ref039]\]. This level of phylogenetic diversity may be caused by different rates of sHsp evolution and/or the functional diversity of sHsps in insects.

sHsps are known for regulating insect development. In this study, the three *MsHsps* were expressed in all developmental stages of solitary and gregarious *M*. *separata*, suggesting their importance throughout the *M*. *separata* lifespan. Variability in life history, morphology, and behavior has been detected in solitary and gregarious forms of *M*. *separata* \[[@pone.0235912.ref040], [@pone.0235912.ref041]\]. Contrary to expectation, expression of the three *MsHsps* was not consistently higher in gregarious individuals from egg to the 5^th^ larval stage, which was similar to results obtained with locusts \[[@pone.0235912.ref033]\]. A possible explanation is that the small body size evident in these stages reduces contact between individual insects, thus alleviating the crowding-induced stress response \[[@pone.0235912.ref042]\]. However, in the 6^th^ instar larvae of gregarious individuals, expression of the three *MsHsps* was significantly upregulated, potentially due to the increased competition for resources \[[@pone.0235912.ref032]\]. Interestingly, up-regulation of the three *MsHsps* was not observed in gregarious pupae or adults, possibly because this pest undergoes dramatic changes in metamorphosis at these stages and crowding becomes less critical.

The three *MsHsps* were expressed in tissues of both phases, but showed tissue-specific expression patterns, thus suggesting that MsHsps contribute to normal functioning of the organism \[[@pone.0235912.ref043]\]. Specifically, expression of *MsHsp19*.*7* and *MsHsp19*.*8* in heads was higher in gregarious versus solitary larvae, suggesting that these two MsHsps may respond to the stress signal(s) produced during crowding. The three *MsHsps* were also upregulated in the hindgut of gregarious larvae, but showed lower levels of expression in Malpighian tubules ([Fig 5](#pone.0235912.g005){ref-type="fig"}). Malpighian tubules and hindgut are known to reabsorb water, salts, and other substances before excretion by the insect \[[@pone.0235912.ref024]\]. Previous studies have shown that gregarious larvae have higher food consumption than solitary forms \[[@pone.0235912.ref040]\], which could lead to higher production of toxic by-products. Therefore, the higher expression levels of *MsHsps* in gregarious *M*. *separata* may be needed to protect the hindgut from injury. It remains unclear why expression of the three *MsHsps* are upregulated in Malpighian tubules of gregarious *M*. *separata*, and further studies are need to address this observation.

Previous reports revealed that alterations in population density could induce *Hsp* expression \[[@pone.0235912.ref002], [@pone.0235912.ref032], [@pone.0235912.ref044], [@pone.0235912.ref045]\]. In this study, a significant down-regulation of the three *MsHsps* was observed in gregarious *M*. *separata* exposed to isolation for 36 h; therefore, a reduction in crowding-induced stress in *M*. *separata* larvae correlated with a decline in population density. In contrast, a dramatic upregulation of *MsHsp19*.*7* and *MsHsp19*.*8* was observed in solitary *M*. *separata* after crowding for 36 h, which was similar to reported studies in locusts \[[@pone.0235912.ref033], [@pone.0235912.ref045]\]. However, the expression of *MsHsp21*.*4* remained unchanged, suggesting that this gene was not induced and/or a longer period may be needed for crowding-induced changes in transcription. Interestingly, recent studies have showed that crowding resulted in down-regulation of *sHsps* in *Drosophila* \[[@pone.0235912.ref002]\], suggesting that *sHsp* transcription can vary with the organism and its unique response to changes in population density \[[@pone.0235912.ref032]\].

Prior investigations demonstrated that the upregulation of *Hsps* had negative physiological impacts \[[@pone.0235912.ref018], [@pone.0235912.ref046], [@pone.0235912.ref047]\]. Gregarious *M*. *separata* generally have smaller body sizes and reduced reproduction as compared to solitary individuals \[[@pone.0235912.ref040], [@pone.0235912.ref041]\]. It has been reported that upregulation of small heat shock proteins enhanced resistance to stress in *Locusta* and *Drosophila*, but this was accompanied by a decline in reproduction \[[@pone.0235912.ref048], [@pone.0235912.ref049]\]. Therefore, a trade-off exists between sHsp production and pupal size and reproduction during crowding. In addition, a faster developmental rate has been also observed in gregarious individuals \[[@pone.0235912.ref040], [@pone.0235912.ref041]\], which was likely an environmental adaption to crowding.

Recent reports indicate that gregarious larvae have developed resistance to selected biopesticides \[[@pone.0235912.ref050]\], which is associated with improved immune system functionality \[[@pone.0235912.ref041], [@pone.0235912.ref051]\]. In insects, sHsps play an important role in the immune response \[[@pone.0235912.ref027], [@pone.0235912.ref031]\]. Therefore, these studies promote our hypothesis that the upregulation of sHsps in gregarious *M*. *separata* may contribute to improved resistance to biopesticides and pathogens. Newly developed technologies, such as RNAi and CRISPR-Cas9 are needed to confirm this hypothesis in future studies. The three *MsHsps* identified herein may ultimately provide new molecular targets for managing *M*. *separata* during crowding.

Conclusion {#sec017}
==========

In summary, three genes encoding small heat shock protein (*sHsps*) were successfully characterized in *M*. *separata*. Expression analysis by qRT-PCR showed that the three *MsHsps* exhibited variable expression profiles in gregarious and solitary individuals. Moreover, alterations in population density caused large changes in *MsHsp* expression. Our findings show that *MsHsps* function in stress-induced changes that arise due to variations in population density. These findings provide valuable information on the roles of *MsHsps* in *M*. *separata* populations undergoing fluctuations in population density.
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If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter. Guidelines for resubmitting your figure files are available below the reviewer comments at the end of this letter.

If applicable, we recommend that you deposit your laboratory protocols in protocols.io to enhance the reproducibility of your results. Protocols.io assigns your protocol its own identifier (DOI) so that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

We look forward to receiving your revised manuscript.

Kind regards,

J Joe Hull, Ph.D.

Academic Editor

PLOS ONE

Journal Requirements:

When submitting your revision, we need you to address these additional requirements.

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<https://journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and

<https://journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. In your Data Availability statement, you have not specified where the minimal data set underlying the results described in your manuscript can be found. PLOS defines a study\'s minimal data set as the underlying data used to reach the conclusions drawn in the manuscript and any additional data required to replicate the reported study findings in their entirety. All PLOS journals require that the minimal data set be made fully available. For more information about our data policy, please see <http://journals.plos.org/plosone/s/data-availability>.

Upon re-submitting your revised manuscript, please upload your study's minimal underlying data set as either Supporting Information files or to a stable, public repository and include the relevant URLs, DOIs, or accession numbers within your revised cover letter. For a list of acceptable repositories, please see <http://journals.plos.org/plosone/s/data-availability#loc-recommended-repositories>. Any potentially identifying patient information must be fully anonymized.

Important: If there are ethical or legal restrictions to sharing your data publicly, please explain these restrictions in detail. Please see our guidelines for more information on what we consider unacceptable restrictions to publicly sharing data: <http://journals.plos.org/plosone/s/data-availability#loc-unacceptable-data-access-restrictions>. Note that it is not acceptable for the authors to be the sole named individuals responsible for ensuring data access.

We will update your Data Availability statement to reflect the information you provide in your cover letter.

3\. Please include captions for your Supporting Information files at the end of your manuscript, and update any in-text citations to match accordingly. Please see our Supporting Information guidelines for more information: <http://journals.plos.org/plosone/s/supporting-information>.

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Partly

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: This study investigated three small Hsps in the species the oriental armyworm. The authors cloned the three genes, analyzed the sequences and performed expression analysis in different developmental stages and tissues as well as in different population density. The paper provides useful information on the expresson of the three small Hsps in response to developmental and density changes. I have the following concerns that needs be addressed by the authors:

1\. In Fig. 1, α-crystallin domain should be conserved. However, as shown in this figure, Hsp21.4 presents non-conseved sequence with the other two small Hsps. Please clarify it by comparing with the conserved crystallin domain.

2\. The relative mRNA levels of small Hsps between gregarious and solitarious forms varied with developmental stages and tissues. The authors should discuss the results and give explanations.

3\. The following sentence in Abstract is not exactly stated: \"Real-time PCR analyses revealed that the three sHsps were transcribed in all developmental stages and were dramatically up-regulated at the 6th larval stage in gregarious individuals.\" Only hsp19.7 but not other small hsps is dramatically upregulated at the 6th stage.

Reviewer \#2: I am confused with the key point. Whether population density induced Hsp expression or Hsp up/down expression induced gregarious and solitary phases? Rooting a phylogenetic tree with an outgroup organism or sequence will be better. And latest version of Mega, too. By the way, consecutive numbering will be better for a reviewer.

Please see below:

Page 2

Line 14: change "Orthopteran, Lepidopteran, Hemipteran and Coleopteran species" to "orthopterans, lepidopterans, hemipterans and coleopterans"

Line 17: change "than solitary forms" to" than that of solitary forms"

Line 23: one of, delete

Page 3

Line 7: Unfortunately, delete

Line 8: abiotic stress, explain in detail

Lines 12-14, 16-18: reorganize the sentence

Page 4

Line 3: solitary individuals, how many?

Line 4: as described, explain in detail

Lines 8-10: sample size

Line 20: PCR primers

Page 5

Line 14: "ORF", what's this?

Line 19: "MEGA v. 5", why "v. 5", why not use the latest version?

Page 6

Lines 1-3: total volume is not 20 μL.

Line 13-14: DPS software, which procedure?

Line 23: "isoelectric points", predicted isoelectric points

Page 7

Line 1: rooting a phylogenetic tree with an outgroup organism or sequence will be better. How to build the phylogenetic tree should be mentioned in detail in the methods section.

Lines 6-8: "HaHsp", what's this?

Line 12: the 2nd larvae looks different, why? Explain more in discussion.

Page 9

Line 6: "in Noctuidae species", in other Noctuidae species

Page 10

Lines 3-15: why these tissues? Which one is the key tissue? And why?

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Author response to Decision Letter 0

19 Jun 2020

Dear editor:

According to the comments from you and two reviewers, we revised our manuscripts carefully and made some mofications. More details are as follows:

Editor comments:

1\. Pg3 Line 5 - the Morrow citation is different from the other citations

Response: We change this citation form according to requirement of Plos one

2\. Pg5 LIne 3 - provide more details on how the degenerate primers were designed. Were they designed to a specific region? If so, indicate what that region is. Were they based on previously published primers? If so, provide the appropriate reference.

Response: We described the degenerate primers information in detail, please see page 5 line3-5

3\. Pg 5 Line 19 - Perhaps replicate with a more robust analysis such as maximum likelihood and include an outgroup to root the tree.

Response: Phylogenetic trees were re-constructed by MEGA v. 7 using the maximum likelihood method with 2000 bootstrap replicates and the sHsps of D.melanogaste were used as outgroup.

4\. Pg 6 LIne 6 - Were amplification efficiencies determined and factored into the analysis?It is widely accepted that studies presenting qRT-PCR data should follow the MIQE guidelines (see Bustin et al. 2009; Clinical Chemistry 55:611--622).

Response: The amplification efficiencies were determined and factored into the analysis.

5\. Pg 6 Line 18 - Indicate that the respective sHsps were named/defined based on the predicted MW.

Response: We indicated the respective sHsps were named/defined based on the predicted MW.

6\. Pg 6 - Was BLAST analysis of the predicted proteins done? If so, a Table or Supplementary Table could be included to indicate the top hits.

Response: We conducted BLAST analysis of the predicted proteins , and indicated the thop hits , please see page page6 line1-6.

7\. Pg 7 Line 7 - the phylogenetic results support their annotation as sHsps they do not confirm this.

Response: We confirmed this restults.

8\. Pg 8 Line 11 states that the three sHsps had similar expression patterns in epidermis regardless of the phase. However, the data shown in figure 4 indicate that sHsp21.4 is higher in gregarious, whereas the other two sHsps are higher in solitary epidermis. Please clarify.

Response: We clarify the expresson patterns of three sHsps, please see in page8 line17-22.

9\. Pg 11 Line 14 - the proposal that the sHsps contribute to improved resistance is highly speculative. Unless there is prior data (which should be cited and explicitly described) indicating that gregarious phase M. separata support this assertion, then this would be better described as a hypothesis worth testing in future studies.

Response: We described it as a hypothesis worth testing in future studies

Reviewer \#1:

This study investigated three small Hsps in the species the oriental armyworm. The authors cloned the three genes, analyzed the sequences and performed expression analysis in different developmental stages and tissues as well as in different population density. The paper provides useful information on the expresson of the three small Hsps in response to developmental and density changes. I have the following concerns that needs be addressed by the authors:

1\. In Fig. 1, α-crystallin domain should be conserved. However, as shown in this figure, Hsp21.4 presents non-conseved sequence with the other two small Hsps. Please clarify it by comparing with the conserved crystallin domain.

Response: We clarified the α-crystallin domainof three sHsps by multiple comparion.

2\. The relative mRNA levels of small Hsps between gregarious and solitarious forms varied with developmental stages and tissues. The authors should discuss the results and give explanations.

Response: In fact, in our original manuscript,we have discussed the results and give possible reasons,more details in page page 9-10.

3\. The following sentence in Abstract is not exactly stated: \"Real-time PCR analyses revealed that the three sHsps were transcribed in all developmental stages and were dramatically up-regulated at the 6th larval stage in gregarious individuals.\" Only hsp19.7 but not other small hsps is dramatically upregulated at the 6th stage.

Response: we cheked the expression patterns throughout the developmental stage, all three hsps were dramatically up-regulated at the 6th larval stage in gregarious individuals compared to that of solitary ones.

Reviewer \#2:

I am confused with the key point. Whether population density induced Hsp expression or Hsp up/down expression induced gregarious and solitary phases? Rooting a phylogenetic tree with an outgroup organism or sequence will be better. And latest version of Mega, too. By the way, consecutive numbering will be better for a reviewer.

Page 2

Line 14: change "Orthopteran, Lepidopteran, Hemipteran and Coleopteran species" to "orthopterans, lepidopterans, hemipterans and coleopterans"

Response: We changed "Orthopteran, Lepidopteran, Hemipteran and Coleopteran species" to "orthopterans, lepidopterans, hemipterans and coleopterans"

Line 17: change "than solitary forms" to" than that of solitary forms"

Response: We added "that of"

Line 23: one of, delete

Response: "One of" was deleted

Page 3

Line 7: Unfortunately, delete

Response: "Unfortunately" was deleted.

Line 8: abiotic stress, explain in detail

Response: We give the abiotic stress in detail, including extreme temperature, UV irradiation, oxidation, chemicals expsoure, etc.

Lines 12-14, 16-18: reorganize the sentence

Response: We reorganized this sentence.

Page 4

Line 3: solitary individuals, how many?

Response: The number of solitary individuals is 1 neonates/container, and the volume of the container is 300 mL.

Line 4: as described, explain in detail

Response: the raised method was given in our published paper (Li et al., 2019, J

Econ Entomol), so we have cited this reference.

Lines 8-10: sample size

Response: the sample size was the same as our published paper(Li et al., 2019. Plos one), we have cited this reference

Line 20: PCR primers

Response: We have give the primers.

Page 5

Line 14: "ORF", what's this?

Response: "ORF" is the abbreviation of " open reading frames".

Line 19: "MEGA v. 5", why "v. 5", why not use the latest version?

Response: We used MEAG v.7 to generate the phylogenetic tree

Page 6

Lines 1-3: total volume is not 20 μL.

Response: we checked the composition(SsoAdvanced Universal SYBR Green Supermix (10 μL, Bio-Rad), gene-specific primers (1 μL each, Table S1), cDNA template (1 μL), and ddH2O (7 μL)), and the volume was 20μL.

Line 13-14: DPS software, which procedure?

Response: We added the procedure( Scientific Press, China) in the methods.

Line 23: "isoelectric points", predicted isoelectric points

Response: we added the word"predicted".

Page 7

Line 1: Rooting a phylogenetic tree with an outgroup organism or sequence will be better. How to build the phylogenetic tree should be mentioned in detail in the methods section.

Response: We give the procedure of building the phylogenetic tree in detaile, please see page5 line20-21.

Lines 6-8: "HaHsp", what's this?

Response: Hsps in Helicoverpa armigera.

Line 12: the 2nd larvae looks different, why? Explain more in discussion.

Response: Expression of three sHsps failed to show any consistent trend before the fifth-instar larvae. We think that a possible explanation for such expression is that the body size in these developmental stages is so small that each individual may occupy

enough space to lower the mean contact rate between individuals

Page 9

Line 6: "in Noctuidae species", in other Noctuidae species

Response: We added the word"other"

Page 10

Lines 3-15: why these tissues? Which one is the key tissue? And why?

Response: We think these tissues include the most tissues. To our knowledge, we think head, epidemics and guts are key tissues. First, the head is the most important tissue/organs in sensing environmental stress signals. Secondly, the epidemics is an important tissue when the gregarious ones contact under high density conditions. Thirdly, the guts play impornt role in absorbing food and protecting from injury.
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Dear Dr. Li,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

J Joe Hull, Ph.D.

Academic Editor

PLOS ONE
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Characterization and expression analysis of genes encoding three small heat shock proteins in the oriental armyworm, *Mythimna separata* (Walker)

Dear Dr. Li:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. J Joe Hull

Academic Editor

PLOS ONE
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